Introduction
============

Lung cancer is the leading cause of cancer-related death worldwide with a low 5-year survival rate of 18%.[@b1-cmar-10-3341] Small cell lung cancer (SCLC) and non--small cell lung cancer (NSCLC) are the two major subtypes of lung cancer.[@b2-cmar-10-3341] NSCLC accounts for \~85% of all lung cancers.[@b2-cmar-10-3341] Surgical resection is an effective approach to achieve long-term survival; however, the prognosis of NSCLC remains poor due to late diagnosis and postoperative relapse.[@b3-cmar-10-3341] Thus, it is critical to discover specific biomarkers to provide better individualized treatment and better prognosis.

In the past decades, a larger number of cellular pathways such as the EGFR signaling pathway have been identified in the carcinogenesis of a series of malignancies including lung cancer and are used as targets in drug development and predictive factors of prognosis.[@b4-cmar-10-3341],[@b5-cmar-10-3341] This encourages researchers to continue to identify novel therapy targets and prognostic biomarkers.

The sirtuins are a family of mammalian proteins that are homologous to the yeast silent information regulator 2 (Sir2).[@b6-cmar-10-3341],[@b7-cmar-10-3341] Seven different sirtuins (SIRT1--7) have been found to be widely expressed in mammals and exert nicotinamide adenine dinucleotide (NAD+)-dependent protein deacylase and/or ADP ribosyltransferase activities.[@b8-cmar-10-3341]--[@b16-cmar-10-3341] In addition to their deacylase activities, recent studies have suggested SIRT5 can mediate protein desuccinylation, demalonylation, and deglutarylation,[@b17-cmar-10-3341]--[@b20-cmar-10-3341] and SIRT7 can mediate histone desuccinylation.[@b21-cmar-10-3341] The sirtuins have been linked to the modulation of numerous critical biological processes including cell metabolism, genomic stability, cell cycle, cell division, differentiation, and transcriptional regulation and are also correlated with the pathogenesis of a variety of diseases such as metabolic diseases,[@b22-cmar-10-3341] neurode-generative diseases,[@b23-cmar-10-3341] aging,[@b24-cmar-10-3341] and cardiovascular diseases.[@b25-cmar-10-3341] Currently, accumulating evidence has shown that the aberrant epigenetic activation of sirtuin signaling pathways contributes to tumor carcinogenesis and may be potential therapeutic targets for future treatments and biomarkers in predicting prognosis in cancers.[@b26-cmar-10-3341],[@b27-cmar-10-3341] Furthermore, some previous studies have been conducted to explore the clinical significance of sirtuins in lung cancer. However, the results are not consistent, the sample sizes in the previous studies are limited, and not all of the seven sirtuins were explored and compared.[@b28-cmar-10-3341]--[@b42-cmar-10-3341]

In the present study, we utilized the mRNA profile dataset of 1017 NSCLC patients from The Cancer Genome Atlas (TCGA) to investigate and compare the associations of the seven sirtuins (SIRT1--7) with clinicopathological parameters and prognosis in NSCLC and preliminarily explore the molecular mechanisms of sirtuins in carcinogenesis.

Materials and methods
=====================

Analysis of TCGA data
---------------------

To investigate the associations of sirtuin mRNA levels with clinicopathological parameters and clinical outcomes in NSCLC, we downloaded NSCLC mRNA profile data and corresponding clinical data from the TCGA database. The patient samples were divided into two groups by the optimal cutoff value of sirtuin mRNA levels that was obtained on the basis of prognosis. The correlations between sirtuin expression and clinicopathological parameters were analyzed by the chi-square or Fisher's exact test. Kaplan--Meier plot curves and Cox proportional regression analysis were used to analyze the effects of sirtuins on overall survival (OS) and recurrence-free survival (OS) in NSCLC. Statistical analyses were conducted with the software GraphPad Prism 6 and SPSS 19.0. *P*-value \<0.05 was considered to be statistically significant. To investigate the related genes during sirtuin alteration that might be involved in lung cancer carcinogenesis, the expression correlations of sirtuins with other genes were examined by Pearson's correlation analyses. Then, the top 500 genes that correlated with sirtuins were subjected to gene ontology (GO) analysis in the GeneCoDis3 online database (<http://genecodis.cnb.csic.es>).

Literature review
-----------------

A systematic literature search was conducted in three English databases (PubMed, EMBASE, and ISI Web of science) for related reports on the associations of sirtuin expression and OS in NSCLC up to January 2018. The following terms were used: "lung OR pulmonary", "cancer OR tumor OR carcinoma", and "Sirtuins OR SIRT1 OR SIRT2 OR SIRT3 OR SIRT4 OR SIRT5 OR SIRT6 OR SIRT7". The retrieved documents were screened by two independent authors by reviewing the article titles, abstracts, and full texts. In addition, the review articles were screened to identify additional eligible studies. The sample size, sirtuin detection method, and the HRs with 95% CIs of each included study were extracted by two investigators independently.

Examination of the concordance of SIRT2 mRNA and protein expressions in NSCLC
-----------------------------------------------------------------------------

To investigate the concordance of SIRT2 mRNA and protein expressions in NSCLC, the SIRT2 protein and mRNA expressions in NSCLC and normal lung tissues were initially compared. Results of SIRT2 immunohistochemical (IHC) staining of NSCLC and normal tissues were evaluated using the data from the Human Protein Atlas (HPA).[@b43-cmar-10-3341] SIRT2 mRNA expression in NSCLC and normal adjacent tissues was compared with the TCGA data by the Mann--Whitney test. In addition, we undertook a re-analysis of the results from Li et al's study, which detected SIRT2 mRNA expressions by quantitative real-time polymerase chain reaction (qRT-PCR) and protein expressions by Western blotting in seven NSCLC tissues and corresponding normal tissues.[@b44-cmar-10-3341] The mRNA data were obtained by reading the histograms with Plot Digitizer software. In addition, Image J 1.8.0 software was used to scan the Western blotting bands to obtain expression levels of SIRT2 protein. Then, SIRT2 mRNA and protein expressions in NSCLC and corresponding normal tissues were compared with the paired *t*-test. Next, the correlations of SIRT2 mRNA with protein expressions in Li et al' report were explored by Pearson's correlation analysis. At the same time, studies reporting both proteomics and transcription profiles in the same lung cancer patients were screened by searching the PRIDE database and reading the corresponding publications. Two studies were identified.[@b45-cmar-10-3341],[@b46-cmar-10-3341] However, only one study reported SIRT2.[@b46-cmar-10-3341] Then, SIRT2 mRNA and protein expression data were extracted and subjected to Pearson's correlation analysis. *P*\<0.05 was considered as indicative of statistical significance.

Results
=======

Correlations of sirtuins with clinicopathological parameters in NSCLC
---------------------------------------------------------------------

In order to explore the associations of sirtuin mRNA expressions with the clinicopathological parameters of NSCLC patients, we downloaded the related datasets from the TCGA database. In total, 1017 NSCLC patients with basal clinical characteristics and prognosis information were identified. The sirtuin expressions of the patients were split into the high-expression and low-expression group according to the optimal cutoff value that was obtained on the basis of prognosis. The chi-square test was used to clarify the associations of sirtuins with the clinicopathological parameter of NSCLC patients. The results of analysis suggested SIRT1, SIRT3, SIRT4, and SIRT7 were highly expressed in adenocarcinoma (ADC) whereas SIRT2 and SIRT5 were highly expressed in squamous cell carcinoma (SCC; [Table 1](#t1-cmar-10-3341){ref-type="table"}). SIRT1, SIRT3, SIRT4, and SIRT7 were highly expressed in female patients whereas SIRT5 was highly expressed in male patients. High SIRT7 expression was associated with younger age at onset (\<70 years vs ≥70 years). High SIRT1 expression was associated with distant metastasis (M1 vs M0) and low T stage (T1 vs T2--4). High SIRT4 was associated with high T stage (T2--4 vs T1) and TNM stage (II--IV vs I). High SIRT1 and SIRT4 was associated with non-smoking whereas high SIRT5 was associated with smoking.

Correlations of sirtuins with prognosis in NSCLC patients
---------------------------------------------------------

The correlations of sirtuins mRNA expressions with prognosis in NSCLC patients were investigated by Kaplan--Meier plot curves and Cox proportional regression analyses, wherein high SIRT2, SIRT4, and SIRT6 expressions were found to be associated with longer OS whereas no significant association of OS with other sirtuins was observed ([Figure 1](#f1-cmar-10-3341){ref-type="fig"} and [Table 2](#t2-cmar-10-3341){ref-type="table"}). Multivariate analyses indicated that SIRT2 and SIRT6 was still significantly associated with OS after adjusting for potential confounding factors including age, M, N, and T stages. For RFS, univariate analyses suggested high SIRT1 expression was significantly associated with shorter RFS time whereas high expressions of SIRT2, SIRT3, SIRT5, SIRT6, and SIRT7 were significantly associated with longer RFS time ([Figure 2A--G](#f2-cmar-10-3341){ref-type="fig"} and [Table 3](#t3-cmar-10-3341){ref-type="table"}). After adjusting for the confounding factors, including histology, N, and T stages, significant associations were still found in SIRT1, SIRT2, SIRT5, SIRT6, and SIRT7 but not in SIRT3.

Prediction of RFS with the combination of SIRT1 and SIRT2
---------------------------------------------------------

Considering that SIRT1 and SIRT2 were the most significant biomarkers that were associated with RFS among the seven sirtuins and SIRT1 was a poor prognostic factor while SIRT2 was a favorable factor, we stratified the patients by combining SIRT1 and SIRT2 and then compared their RFS in order to provide a better prediction model for RFS in NSCLC. Kaplan--Meier plot curves and Cox proportional analyses suggested that, compared to patients with the SIRT1−/SIRT2+ genotype, patients with SIRT1−/SIRT2− or SIRT1+/SIRT2+ genotypes had poor RFS and patients with the SIRT1+/SIRT2− genotype had poorer prognosis ([Figure 2H](#f2-cmar-10-3341){ref-type="fig"} and [Table 4](#t4-cmar-10-3341){ref-type="table"}).

Integrated analysis of TCGA dataset and other publicly available datasets
-------------------------------------------------------------------------

To further validate our results, we conducted an integrated analysis by pooling the TCGA NSCLC dataset and other public datasets. The Kaplan--Meier plotter (KM plotter) is an online tool to analyze correlations of individual genes with prognosis of patients in previous microarray datasets that comprised a total of 2,437 lung cancer cases. HRs with 95% CIs of the associations between sirtuins and RFS from each separate dataset in the database were obtained. After pooling these results by a meta-analysis method, high SIRT2 and SIRT7 expressions were found to be associated with favorable RFS in lung cancer ([Figure 3](#f3-cmar-10-3341){ref-type="fig"}).

Prognostic value of sirtuins in NSCLC reported in the published literature
--------------------------------------------------------------------------

Some articles have reported the associations of sirtuin expressions with prognosis in NSCLC patients. Here, we conducted a systematic literature search in three English databases (PubMed, EMBASE, and ISI Web of science) up to January 2018. In total, 14 articles published from 2013 to 2017 were identified after screening ([Table 5](#t5-cmar-10-3341){ref-type="table"}), of which seven, two, two, one, and three articles reported the associations of SIRT1,[@b28-cmar-10-3341]--[@b34-cmar-10-3341] SIRT2,[@b30-cmar-10-3341],[@b36-cmar-10-3341] SIRT3,[@b37-cmar-10-3341],[@b38-cmar-10-3341] SIRT5,[@b39-cmar-10-3341] and SIRT6,[@b40-cmar-10-3341]--[@b42-cmar-10-3341] respectively, with OS in NSCLC. Moreover, no article has reported SIRT4 and SIRT7 associations. High SIRT1 expression was found to be a poor prognostic factor in four reports, and no association was found in the remaining three articles. High SIRT2 was found to be associated with longer OS time in one article and high expressions of SIRT3, SIRT5, and SIRT6 were associated with poor OS. However, these reports were rare and their sample size was limited (SIRT3: N=2, n=133; SIRT5, N=1, n=39; SIRT6, N=3, n=394). Notably, the results for SIRT6 in the previous reports and our study were inconsistent, which needs to be clarified with a large sample size in the future.

Analyses of the genes involved in NSCLC during sirtuin alteration
-----------------------------------------------------------------

According to our screening of the literature, we found 18 articles reported the underlying mechanisms of sirtuins in lung cancer ([Table S1](#SD1-cmar-10-3341){ref-type="supplementary-material"}). There were five, five, four, one, and four articles exploring the molecular mechanisms of SIRT1, SIRT2, SIRT3, SIRT5, and SIRT6 in lung cancer, respectively, whereas SIRT4 and SIRT7 were not investigated. To further understand the potential mechanisms of sirtuins in NSCLC carcinogenesis, genes that were positively or negatively associated with sirtuin expressions were analyzed and annotated. Pearson's correlation analyses were conducted to obtain genes that were co-expressed with sirtuins in the 1017 TCGA NSCLC patients. The top 500 significant genes were selected and subjected to GO analysis with the GeneCoDis3 online tool (<http://genecodis.cnb.csic.es>). SIRT1, SIRT2, and SIRT7 were used as examples. Our results suggest that the top enriched biological processes were: regulation of transcription, signal transduction, apoptotic process, multicellular organismal development, positive regulation of cell proliferation, small GTPase-mediated signal transduction, and cell adhesion for SIRT1 ([Figure 4A](#f4-cmar-10-3341){ref-type="fig"}); regulation of transcription, apoptotic process, protein phosphorylation, RNA splicing, innate immune response, nerve growth factor receptor signaling, and vesicle-mediated transport for SIRT2 ([Figure 4B](#f4-cmar-10-3341){ref-type="fig"}); and signal transduction, DNA repair, protein phosphorylation, blood coagulation, nervous system development, small GTPase-mediated signal transduction, and cell proliferation for SIRT7 ([Figure 4C](#f4-cmar-10-3341){ref-type="fig"}). Cell apoptotic or proliferation processes are overlapping processes and have been reported to be involved in the mechanisms of SIRT1 and SIRT2 in NSCLC. Thereafter, the associations of SIRT1, SIRT2, and SIRT7 with the key genes in the apoptotic process including *BAD*, *BAX*, *BCL2*, and *BID* were investigated. The results suggested that SIRT1 was negatively associated with proapoptotic factors BAD, BAX, and BID whereas SIRT2 was positively associated with the proapoptotic factor, BAD ([Figure 5A--D](#f5-cmar-10-3341){ref-type="fig"}). Furthermore, SIRT7 was positively associated with proapoptotic factors BAD and BAX, and negatively associated with the antiapoptotic factor BCL2 ([Figure 5E--G](#f5-cmar-10-3341){ref-type="fig"}). In addition, SIRT7 was negatively asso ciated with ZEB1, a pro-proliferative factor ([Figure 5H](#f5-cmar-10-3341){ref-type="fig"}). To some extent, this explained the different functions of SIRT1, SIRT2, and SIRT7 in NSCLC carcinogenesis.

SIRT2 protein expression was in concordance with its mRNA expression in NSCLC
-----------------------------------------------------------------------------

Genes generally function at the protein level; therefore, we investigated the concordance between sirtuin mRNA and protein expressions in NSCLC, with SIRT2 as an example. SIRT2 protein and mRNA expressions were initially compared between NSCLC tissues and corresponding controls. IHC staining data from the HPA suggested that SIRT2 protein expression was downregulated in NSCLC tissues compared with normal tissues ([Figure 6A](#f6-cmar-10-3341){ref-type="fig"}). The TCGA NSCLC data revealed that the SIRT2 mRNA expression was downregulated in NSCLC tissues ([Figure 6B](#f6-cmar-10-3341){ref-type="fig"}). In addition, we re-analyzed the results from Li et al's study,[@b44-cmar-10-3341] which detected SIRT2 mRNA expression by qRT-PCR, and protein expression by Western blotting in the same NSCLC patients; moreover, we found SIRT2 mRNA and protein expressions were downregulated in lung cancers compared with paired normal tissues ([Figure 6C and D](#f6-cmar-10-3341){ref-type="fig"}). Then, the correlation of SIRT2 mRNA and protein expressions was examined and a high positive correlation was found (*r*=0.9513, *P*\<0.0001; [Figure 6E](#f6-cmar-10-3341){ref-type="fig"}). Furthermore, we identified one study reporting both NSCLC proteomics and transcription profiles from the PRIDE database[@b46-cmar-10-3341] and also found a high concordance between SIRT2 mRNA and protein expressions (*r*=0.9689, *P*=0.0065; [Figure 6F](#f6-cmar-10-3341){ref-type="fig"}). The above results revealed that SIRT2 protein and mRNA expressions shared high concordance in NSCLC.

Discussion
==========

Currently, a large number of cell signaling pathways have been discovered as being involved in tumor carcinogenesis and may serve as potential therapeutic targets for cancer treatment. Sirtuins are a family of mammalian proteins homologous to yeast Sir2.[@b6-cmar-10-3341],[@b7-cmar-10-3341] Seven different sirtuins (SIRT1--7) have been found and widely expressed in mammals. Previous reports have revealed the involvement of sirtuins in numerous critical biological processes including cell metabolism, genomic stability, cell cycle, cell division, differentiation, and transcriptional regulation and their functions in the pathogenesis of a variety of diseases such as metabolic diseases,[@b22-cmar-10-3341] neurodegenerative diseases,[@b23-cmar-10-3341] aging,[@b24-cmar-10-3341] cardiovascular diseases,[@b25-cmar-10-3341] and cancers.[@b26-cmar-10-3341],[@b27-cmar-10-3341] The clinical significance and potential molecular mechanisms of some sirtuins have been explored in lung cancer. However, the results are not consistent, the sample sizes in the previous studies are limited, and not all of the seven sirtuins have been explored and compared.[@b28-cmar-10-3341]--[@b42-cmar-10-3341]

In the present study, we utilized the mRNA profile dataset of 1017 NSCLC patients from the TCGA database to investigate and compare associations of the mRNA levels of the seven sirtuins (SIRT1--7) with clinicopathological parameters and prognosis in NSCLC. SIRT1, SIRT3, SIRT4, and SIRT7 were highly expressed in ADC and female patients whereas SIRT5 was highly expressed in SCC and male patients. Associations of high SIRT7 with younger age at onset, high SIRT1 with distant metastasis and low T stage, and high SIRT4 with high T stage and TNM stage were also found. Furthermore, the prognostic value of sirtuins in NSCLC was investigated, and the results indicated that high mRNA levels of SIRT2 and SIRT6 were associated with longer OS duration. Moreover, high SIRT1 expression was significantly associated with shorter RFS time whereas high SIRT2, SIRT5, SIRT6, and SIRT7 expressions were associated with longer RFS time.

To compare and validate our results with that from previous reports, we undertook a systematic literature search to identify the full-text of original articles on the associations of sirtuins with OS in NSCLC ([Table 5](#t5-cmar-10-3341){ref-type="table"}). SIRT1 was the most studied sirtuin for evaluating the associations of sirtuins with OS in lung cancer. A significant association of SIRT1 with OS was found in four of the seven reports.[@b28-cmar-10-3341]--[@b34-cmar-10-3341] A recent meta-analysis has pooled the results from the above seven reports and found that high SIRT1 expression was a poor factor for OS in NSCLC,[@b35-cmar-10-3341] whereas no significant association of SIRT1 with OS was found in our present study. This inconsistency might be attributed to the detection methods of SIRT1 and selection of cutoff value. Moreover, a discrepancy was found for the association of SIRT6 with OS. Three reports, with a total of 394 cases, suggested high SIRT6 expression was associated with poor OS, whereas our results suggested that high SIRT6 was associated with favorable OS.[@b40-cmar-10-3341]--[@b42-cmar-10-3341] Until now, associations of SIRT4 or SIRT7 with prognosis of NSCLC patients have not been reported. More studies with large sample size should be conducted to clarify our results.

To date, some molecular mechanisms of sirtuins have been revealed in NSCLC ([Table S1](#SD1-cmar-10-3341){ref-type="supplementary-material"}). SIRT1 can promote lung tumor growth through downregulating DLL4/Notch signaling and deacetylating the Notch1 intracellular domain;[@b47-cmar-10-3341] its inactivation exerts antitumor activities through the tumor suppressor p27 in NSCLC;[@b48-cmar-10-3341] and it is also involved in lung cancer development via the TNF-α/β-catenin axis under Benzo\[a\]pyrene (B\[a\]P) exposure -- a carcinogen in cigarette smoke.[@b49-cmar-10-3341],[@b50-cmar-10-3341] SIRT2 can inhibit cell proliferation or induce cell apoptosis by increasing reactive oxygen species (ROS) production and p27 levels,[@b44-cmar-10-3341] downregulating JMJD2A,[@b51-cmar-10-3341] or deacetylating SKP2 followed by decreasing ubiquitination of p27.[@b36-cmar-10-3341] SIRT3 can promote tumor proliferation and inhibit apoptosis via interaction with NMNAT2, and promote NSCLC malignancy via activation Akt at the post-transcriptional level.[@b38-cmar-10-3341],[@b52-cmar-10-3341] SIRT5 can promote cell proliferation and chemotherapy resistance by inducing Nrf2 expression.[@b39-cmar-10-3341] An article reported that SIRT6 can increase tumor migration and invasion via enhancing ERK1/2 phosphorylation and MMP9 expression,[@b41-cmar-10-3341] whereas another report suggested that SIRT6 can suppress cell proliferation through inhibition of Twist1 expression.[@b53-cmar-10-3341] There is no report on the mechanisms of SIRT4 and SIRT7 in NSCLC. Modulation of cell proliferation and/ or apoptosis might be the common mechanisms of sirtuin action in NSCLC carcinogenesis. To further understand the potential mechanisms of sirtuins in NSCLC carcinogenesis, we investigated the cellular biological processes regulated by sirtuin alterations through annotating the sirtuin co-expressed genes by GO analysis. We took SIRT1, SIRT2, and SIRT7 as examples, because SIRT1 and SIRT2 were the mostly studied sirtuins and SIRT7 has not been investigated in NSCLC, and found they might affect tumor activities via modulating cell proliferation and apoptosis. The potential mechanisms explained the different prognostic value of SIRT1, SIRT2, and SIRT7. More in vitro and animal experiments should be undertaken to validate our findings.

Conclusion
==========

Sirtuin expressions were significantly associated with clinicopathological parameters, especially tumor histology and gender, and clinical outcomes in NSCLC patients. For OS, high expressions of SIRT2 and SIRT6 were favorable prognostic factors. For RFS, high SIRT1 expression was a poor prognostic factor, whereas high SIRT2 and SIRT5--7 expressions were favorable prognostic factors. Combining SIRT1 and SIRT2 could provide a better prognostic model for RFS.

Supplementary material
======================

###### 

Underlying mechanism of sirtuins in NSCLC in the previous reports

  Study                              Sirtuins   Mechanisms
  ---------------------------------- ---------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Xie et al[@b47-cmar-10-3341]       SIRT1      SIRT1 promote lung tumor growth through downregulation of DLL4/Notch signaling and deacetylation of N1IC
  Zhang et al[@b29-cmar-10-3341]     SIRT1      High SIRT1 was associated with chemotherapy resistance
  Han et al[@b54-cmar-10-3341]       SIRT1      SIRT1 promotes cell migration
  Zhu et al[@b48-cmar-10-3341]       SIRT1      SIRT1 inactivation evokes antitumor activities in NSCLC through the tumor suppressor p27
  Grbesa et al[@b30-cmar-10-3341]    SIRT1      Downregulation of SIRT1 decreased cell proliferation
  Cheng et al[@b55-cmar-10-3341]     SIRT1      K-Ras promotes the survival of non--small cell lung cancer cells by cooperating with sirtuin 1 and p27 under ROS stimulation
  Lu et al[@b49-cmar-10-3341]        SIRT1      SIRT1 is involved in Benzo\[a\]pyrene B\[a\]P-induced transformation associated with activation of the TNF-α/β-catenin axis
  Li et al[@b44-cmar-10-3341]        SIRT2      SIRT2 inhibits cell proliferation, induces apoptosis and cell-cycle arrest by increasing the ROS production and p27 levels, and is associated with increased chemotherapy sensitivity
  Grbesa et al[@b30-cmar-10-3341]    SIRT2      Downregulation of SIRT2 decreased cell proliferation
  Xu et al[@b51-cmar-10-3341]        SIRT2      SIRT2 inhibits cell proliferation and tumor growth via downregulating JMJD2A
  Li et al[@b36-cmar-10-3341]        SIRT2      Downregulation of SIRT2 increases the level of SKP2 acetylation, then increases p27 ubiquitination, and finally enhances tumor cell proliferation
  Luo et al[@b56-cmar-10-3341]       SIRT2      SPOP promotes SIRT2 degradation and suppresses non--small cell lung cancer cell growth
  Xiao et al[@b57-cmar-10-3341]      SIRT3      SIRT3 increased the bax/bcl-2 and bad/bcl-x/L ratios, and promoted AIF translocation to the nucleus. SIRT3 overexpression upregulated p53 and p21 protein levels, and decreased intracellular ROS levels
  Li et al[@b52-cmar-10-3341]        SIRT3      Low expression of SIRT3 significantly inhibited mitotic entry, growth, and proliferation of NSCLC cell lines and promoted apoptosis, which was related to energy metabolism involved in the interaction between SIRT3 and NMNAT2
  Xiong et al[@b38-cmar-10-3341]     SIRT3      SIRT3 increases Akt activation by post-transcriptional modification and, then, promotes NSCLC malignancy
  Xiong et al[@b58-cmar-10-3341]     SIRT3      SIRT3 deacetylates and promotes degradation of P53 in PTENdefective non--small cell lung cancer
  Lu et al[@b39-cmar-10-3341]        SIRT5      SIRT5 promotes cell proliferation and chemotherapy resistance by induction of Nrf2 expression
  Azuma et al[@b40-cmar-10-3341]     SIRT6      SIRT6 increases NFkappaB and Beclin1, and is associated with chemotherapy resistance
  Han et al[@b53-cmar-10-3341]       SIRT6      SIRT6 suppresses cell proliferation through inhibition of Twist1 expression
  Kim and Juhnn[@b59-cmar-10-3341]   SIRT6      Cyclic AMP signaling reduces SIRT6 expression in non--small cell lung cancer cells by promoting ubiquitin-proteasomal degradation via inhibition of the Raf--MEK--ERK pathway
  Bai et al[@b41-cmar-10-3341]       SIRT6      SIRT6 increases tumor migration and invasion via increasing ERK1/2 phosphorylation and MMP9 expression

**Abbreviations:** SIRT1, sirtuin 1; SIRT2, sirtuin 2; SIRT3, sirtuin 3; SIRT4, sirtuin 4; SIRT5, sirtuin 5; SIRT6, sirtuin 6; SIRT7, sirtuin 7; NSCLC, non-small cell lung cancer; DLL4, Delta-like ligand 4; N1IC, Notch1 intracellular domain; JMJD2A, lysine demethylase 4A; Skp2, S-phase kinase associated protein 2; SPOP, speckle type BTB/POZ protein; BAX, Bcl-2 associated X; BAD, Bcl-2 associated agonist of cell death; Bcl-x/L, Bcl-2 like 1; AIF, apoptosis inducing factor; NMNAT2, nicotinamide nucleotide adenylyltransferase 2; PTEN, phosphatase and tensin homolog; Nrf2, nuclear factor erythroid 2 like 2; Twist1, twist family bHLH transcription factor 1; MMP9, matrix metallopeptidase 9.
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![Overall survival in TCGA NSCLC patients with high and low sirtuin expression (SIRT1--7) were compared with Kaplan--Meier plot curves.\
**Abbreviations:** TCGA, The Cancer Genome Atlas; NSCLC, non--small cell lung cancer; SIRT1, sirtuin 1; SIRT2, sirtuin 2; SIRT3, sirtuin 3; SIRT4, sirtuin 4; SIRT5, sirtuin 5; SIRT6, sirtuin 6; SIRT7, sirtuin 7.](cmar-10-3341Fig1){#f1-cmar-10-3341}

![Recurrence-free survival in TCGA NSCLC patients stratified by high and low sirtuin expression (SIRT1--7) or a combination of SIRT1 and SIRT2 were compared with Kaplan--Meier plot curves. (**A**) SIRT1, (**B**) SIRT2, (**C**) SIRT3, (**D**) SIRT4, (**E**) SIRT5, (**F**) SIRT6, (**G**) SIRT7, and (**H**) Combination of SIRT1 and SIRT2.\
**Abbreviations:** TCGA, The Cancer Genome Atlas; NSCLC, non--small cell lung cancer; SIRT1, sirtuin 1; SIRT2, sirtuin 2; SIRT3, sirtuin 3; SIRT4, sirtuin 4; SIRT5, sirtuin 5; SIRT6, sirtuin 6; SIRT7, sirtuin 7; +, high expression; --, low expression.](cmar-10-3341Fig2){#f2-cmar-10-3341}

![Forest plot for the correlations of sirtuins (SIRT1--7) and recurrence-free survival in patients with NSCLC by pooling the results of the datasets from TCGA and Kaplan--Meier plotter databases.\
**Abbreviations:** TCGA, The Cancer Genome Atlas; NSCLC, non--small cell lung cancer; SIRT1, sirtuin 1; SIRT2, sirtuin 2; SIRT3, sirtuin 3; SIRT4, sirtuin 4; SIRT5, sirtuin 5; SIRT6, sirtuin 6; SIRT7, sirtuin 7.](cmar-10-3341Fig3){#f3-cmar-10-3341}

![Biological processes regulated by SIRT1, SIRT2, and SIRT7 in TCGA NSCLC patients: (**A**) SIRT1, (**B**) SIRT2, and (**C**). SIRT7.\
**Abbreviations:** TCGA, The Cancer Genome Atlas; NSCLC, non--small cell lung cancer; SIRT1, sirtuin 1; SIRT2, sirtuin 2; SIRT7, sirtuin 7.](cmar-10-3341Fig4){#f4-cmar-10-3341}

![Expression correlations of SIRT1, SIRT2, and SIRT7 with BAD, BAX, BID, BCL2, and ZEB1 in TCGA NSCLC patients. (**A**--**C**). Correlations of SIRT1 with BAD (**A**), BAX (**B**), and BID (**C**). (**D**) Correlation of SIRT2 with BAD. (**E**--**H**) Correlations of SIRT7 with BAD (**E**), BAX (**F**), BCL2 (**G**), and ZEB1 (**H**).\
**Abbreviations:** SIRT1, sirtuin 1; SIRT2, sirtuin 2; SIRT7, sirtuin 7; BAX, Bcl-2 associated X; BAD, Bcl-2 associated agonist of cell death; BID, BH3 interacting domain death agonist; ZEB1, zinc finger E-box binding homeobox 1; TCGA, The Cancer Genome Atlas; NSCLC, non-small cell lung cancer.](cmar-10-3341Fig5){#f5-cmar-10-3341}

![Concordance of SIRT2 mRNA and protein expressions in NSCLC. (**A**). SIRT2 immunohistochemical staining results in normal lung tissues (n=3) and lung cancer tissues (n=12). The images were obtained from the Human Protein Atlas.[@b43-cmar-10-3341] (**B**). SIRT2 mRNA expression in normal lung tissues (n=110) and lung cancer tissues (n=1017) in the TCGA NSCLC cohort. (**C**--**E**). SIRT2 mRNA expression detected by qRT-PCR (**C**) and protein expression detected by Western blotting (**D**) in seven lung cancers and paired adjacent normal tissues (n=7); consistency of SIRT2 mRNA and protein expression were explored by Pearson's correlation analysis (**E**). These were re-analyses results of Li et al's report.[@b44-cmar-10-3341] (**F**). Associations of SIRT2 mRNA with protein expressions in lung cancers. SIRT2 protein expression and mRNA expression data were extracted from proteomics and gene microarray profiles, respectively, which was reported by Stewart et al.[@b46-cmar-10-3341]\
**Abbreviations:** SIRT2, sirtuin 2; N, normal; T, tumor; qRT-PCR, quantitative real-time polymerase chain reaction.](cmar-10-3341Fig6){#f6-cmar-10-3341}

###### 

Correlations of sirtuins and clinicopathological parameters in patients with NSCLC

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Parameters           N     SIRT1      SIRT2      SIRT3       SIRT4      SIRT5      SIRT6       SIRT7                                                                                                                                                     
  -------------------- ----- ---------- ---------- ----------- ---------- ---------- ----------- ---------- ---------- ----------- ---------- ---------- ----------- ---------- ---------- ----------- ---------- ---------- ------- ---------- ---------- -----------
  **Histology**                                                                                                                                                                                                                                            

   ADC                 515   109\       406\       **0.000**   237\       278\       **0.000**   293\       222\       **0.000**   308\       207\       **0.000**   331\       184\       **0.000**   361\       154\       0.788   202\       313\       **0.046**
                             (21.17%)   (78.83%)               (46.02%)   (53.98%)               (56.89%)   (43.11%)               (59.81%)   (40.19%)               (64.27%)   (35.73%)               (70.1%)    (29.9%)            (39.22%)   (60.78%)   

   SCC                 502   313\       189\                   127\       375\                   417\       85\                    445\       57\                    196\       306\                   348\       154\               228\       274\       
                             (62.35%)   (37.65%)               (25.30%)   (74.70%)               (83.07%)   (16.93%)               (88.65%)   (11.35%)               (39.04%)   (60.96%)               (69.32%)   (30.68%)           (45.42%)   (54.58%)   

  **Gender**                                                                                                                                                                                                                                               

   Female              402   133\       269\       **0.000**   138\       264\       0.409       258\       144\       **0.001**   272\       130\       **0.000**   243\       159\       **0.000**   280\       122\       0.924   170\       232\       0.976
                             (33.08%)   (66.92%)               (34.33%)   (65.67%)               (64.18%)   (35.82%)               (67.66%)   (32.34%)               (60.45%)   (39.55%)               (69.65%)   (30.35%)           (42.29%)   (57.71%)   

   Male                602   280\       322\                   222\       380\                   445\       157\                   472\       130\                   280\       322\                   421\       181\               254\       348\       
                             (46.51%)   (53.49%)               (36.88%)   (63.12%)               (73.92%)   (26.08%)               (78.41%)   (21.59%)               (46.51%)   (53.49%)               (69.93%)   (30.07%)           (42.19%)   (57.81%)   

  **Age**                                                                                                                                                                                                                                                  

   \<70 years          627   258\       369\       0.999       234\       393\       0.192       444\       183\       0.522       454\       173\       0.155       314\       313\       0.178       433\       194\       0.831   244\       383\       **0.012**
                             (41.15%)   (58.85%)               (37.32%)   (62.68%)               (70.81%)   (29.19%)               (72.41%)   (27.59%)               (50.08%)   (49.92%)               (69.06%)   (30.94%)           (38.92%)   (61.08%)   

   ≥70 years           350   144\       206\                   116\       234\                   241\       109\                   268\       82\                    191\       159\                   244\       106\               165\       185\       
                             (41.14%)   (58.86%)               (33.14%)   (66.86%)               (68.86%)   (31.14%)               (76.57%)   (23.43%)               (54.57%)   (45.43%)               (69.71%)   (30.29%)           (47.14%)   (52.86%)   

  **M stage**                                                                                                                                                                                                                                              

   M0                  747   327\       420\       **0.014**   252\       495\       0.125       535\       212\       0.463       551\       196\       0.876       375\       372\       0.715       529\       218\       0.202   320\       427\       0.343
                             (43.78%)   (56.22%)               (33.73%)   (66.27%)               (71.62%)   (28.38%)               (73.76%)   (26.24%)               (50.20%)   (49.80%)               (70.82%)   (29.18%)           (42.84%)   (57.16%)   

   M1                  32    7\         25\                    15\        17\                    21\        11\                    24\        8\                     15\        17\                    26\        6\                 11\        21\        
                             (21.88%)   (78.13%)               (46.88%)   (53.13%)               (65.63%)   (34.38%)               (75.00%)   (25.00%)               (46.88%)   (53.13%)               (81.25%)   (18.75%)           (34.38%)   (65.63%)   

  **N stage**                                                                                                                                                                                                                                              

   N0                  642   258\       384\       0.299       225\       417\       0.444       452\       190\       0.910       469\       173\       0.142       326\       316\       0.246       455\       187\       0.353   273\       369\       0.521
                             (40.19%)   (59.81%)               (35.05%)   (64.95%)               (70.4%)    (29.6%)                (73.05%)   (26.95%)               (50.78%)   (49.22%)               (70.87%)   (29.13%)           (42.52%)   (57.48%)   

   N1--3               344   150\       194\                   129\       215\                   241\       103\                   266\       78\                    188\       156\                   234\       110\               139\       205\       
                             (43.6%)    (56.4%)                (37.5%)    (62.5%)                (70.06%)   (29.94%)               (77.33%)   (22.67%)               (54.65%)   (45.35%)               (68.02%)   (31.98%)           (40.41%)   (59.59%)   

  **T stage**                                                                                                                                                                                                                                              

   T1                  280   95\        185\       **0.003**   96\        184\       0.516       188\       92\        0.214       195\       85\        **0.039**   148\       132\       0.780       203\       77\        0.235   115\       165\       0.665
                             (33.93%)   (66.07%)               (34.29%)   (65.71%)               (67.14%)   (32.86%)               (69.64%)   (30.36%)               (52.86%)   (47.14%)               (72.50%)   (27.50%)           (41.07%)   (58.93%)   

   T2--4               721   318\       403\                   263\       458\                   513\       208\                   548\       173\                   374\       347\                   495\       226\               307\       414\       
                             (44.11%)   (55.89%)               (36.48%)   (63.52%)               (71.15%)   (28.85%)               (76.01%)   (23.99%)               (51.87%)   (48.13%)               (68.65%)   (31.35%)           (42.58%)   (57.42%)   

  **Stage**                                                                                                                                                                                                                                                

   I--II               518   207\       311\       0.448       174\       344\       0.131       352\       166\       0.143       368\       150\       **0.022**   259\       259\       0.131       373\       145\       0.132   228\       290\       0.228
                             (39.96%)   (60.04%)               (33.59%)   (66.41%)               (67.95%)   (32.05%)               (71.04%)   (28.96%)               (50.00%)   (50.00%)               (72.01%)   (27.99%)           (44.02%)   (55.98%)   

   III--IV             482   204\       278\                   184\       298\                   348\       134\                   373\       109\                   264\       218\                   326\       156\               194\       288\       
                             (42.32%)   (57.68%)               (38.17%)   (61.83%)               (72.2%)    (27.8%)                (77.39%)   (22.61%)               (54.77%)   (45.23%)               (67.63%)   (32.37%)           (40.25%)   (59.75%)   

  **Smoking status**                                                                                                                                                                                                                                       

   Yes                 890   381\       509\       **0.001**   314\       576\       0.388       631\       259\       0.054       672\       218\       **0.006**   447\       443\       **0.009**   624\       266\       0.698   369\       521\       0.059
                             (42.81%)   (57.19%)               (35.28%)   (64.72%)               (70.90%)   (29.10%)               (75.51%)   (24.49%)               (50.22%)   (49.78%)               (70.11%)   (29.89%)           (41.46%)   (58.54%)   

   No                  93    23\        70\                    37\        56\                    57\        36\                    58\        35\                    60\        33\                    67\        26\                48\        45\        
                             (24.73%)   (75.27%)               (39.78%)   (60.22%)               (61.29%)   (38.71%)               (62.37%)   (37.63%)               (64.52%)   (35.48%)               (72.04%)   (27.96%)           (51.61%)   (48.39%)   
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Note:** Bold: *P*\<0.05 demonstrated by chi-square test.

**Abbreviations**: NSCLC, non--small cell lung cancer; SIRT1, sirtuin 1; SIRT2, sirtuin 2; SIRT3, sirtuin 3; SIRT4, sirtuin 4; SIRT5, sirtuin 5; SIRT6, sirtuin 6; SIRT7, sirtuin 7; ADC, adenocarcinoma; SCC, squamous cell carcinoma.

###### 

Cox proportional regression analysis to investigate the correlations of sirtuins and overall survival in patients with NSCLC

  SIRTs   Univariate analysis   Multivariate analysis[\*](#tfn3-cmar-10-3341){ref-type="table-fn"}                                               
  ------- --------------------- -------------------------------------------------------------------- ------- ------- ----------- ------- ------- -------
  SIRT1   0.352                 0.902                                                                0.725   1.121   0.956       1.007   0.787   1.288
  SIRT2   **0.007**             0.736                                                                0.588   0.920   **0.005**   0.697   0.543   0.894
  SIRT3   0.244                 0.865                                                                0.677   1.104   0.568       0.922   0.696   1.220
  SIRT4   **0.043**             0.761                                                                0.584   0.992   0.255       0.842   0.626   1.132
  SIRT5   0.109                 0.837                                                                0.673   1.040   0.128       0.828   0.650   1.056
  SIRT6   **0.044**             0.780                                                                0.612   0.994   **0.009**   0.684   0.514   0.911
  SIRT7   0.253                 0.881                                                                0.708   1.095   0.305       0.878   0.686   1.125

**Note:**

The potential confounding factors were age, M, N, and T stage. Bold font: *P*\<0.05 demonstrated by Cox proportional regression analysis.

**Abbreviation:** TCGA, The Cancer Genome Atlas; NSCLC, non-small cell lung cancer; SIRT1, sirtuin 1; SIRT2, sirtuin 2; SIRT3, sirtuin 3; SIRT4, sirtuin 4; SIRT5, sirtuin 5; SIRT6, sirtuin 6; SIRT7, sirtuin 7; HR, hazard ratio; CI, confidence interval.

###### 

Cox proportional regression analysis to investigate the correlations of sirtuins and recurrence-free survival in patients with NSCLC

  SIRTs   Univariate analysis   Multivariate analysis[\*](#tfn5-cmar-10-3341){ref-type="table-fn"}                                               
  ------- --------------------- -------------------------------------------------------------------- ------- ------- ----------- ------- ------- -------
  SIRT1   **0.000**             1.899                                                                1.366   2.639   **0.001**   1.852   1.294   2.650
  SIRT2   **0.000**             0.531                                                                0.394   0.717   **0.001**   0.588   0.432   0.800
  SIRT3   **0.034**             1.410                                                                1.026   1.938   0.107       1.316   0.943   1.837
  SIRT4   0.099                 1.284                                                                0.954   1.730   0.416       1.144   0.827   1.583
  SIRT5   **0.000**             0.565                                                                0.415   0.769   **0.007**   0.636   0.459   0.883
  SIRT6   **0.028**             0.687                                                                0.492   0.961   **0.004**   0.606   0.431   0.852
  SIRT7   **0.013**             0.625                                                                0.432   0.906   **0.005**   0.585   0.403   0.848

**Note:**

The potential confounding factors were histology, N, and T stage. Bold font: *P*\<0.05 demonstrated by Cox proportional regression analysis.

**Abbreviation:** TCGA, The Cancer Genome Atlas; NSCLC, non-small cell lung cancer; SIRT1, sirtuin 1; SIRT2, sirtuin 2; SIRT3, sirtuin 3; SIRT4, sirtuin 4; SIRT5, sirtuin 5; SIRT6, sirtuin 6; SIRT7, sirtuin 7; HR, hazard ratio; CI, confidence interval.

###### 

Cox proportional regression analysis to investigate the correlations of the combination of SIRT1 and SIRT2 with recurrence-free survival in patients with NSCLC

  SIRTs                            Univariate analysis   Multivariate analysis[\*](#tfn7-cmar-10-3341){ref-type="table-fn"}                                               
  -------------------------------- --------------------- -------------------------------------------------------------------- ------- ------- ----------- ------- ------- -------
  SIRT1−/SIRT2+                    Reference                                                                                                                              
  SIRT1−/SIRT2− or SIRT1+/SIRT2+   **0.007**             1.758                                                                1.167   2.648   **0.010**   1.746   1.144   2.665
  SIRT1+/SIRT2−                    **0.000**             3.134                                                                2.037   4.820   **0.000**   3.021   1.883   4.849

**Note:**

The potential confounding factors were histology, N, and T stage. Bold font: *P*\<0.05 demonstrated by Cox proportional regression analysis.

**Abbreviations:** TCGA, The Cancer Genome Atlas; NSCLC, non--small cell lung cancer; SIRT1, sirtuin 1; SIRT2, sirtuin 2; HR, hazard ratio; CI, confidence interval; +, high expression; --, low expression.

###### 

Associations of high sirtuins expressions with overall survival in NSCLC in previous reports

  Study                              Sirtuins   HR      *P* value   Sample size   Detection method
  ---------------------------------- ---------- ------- ----------- ------------- ------------------
  Noh et al[@b28-cmar-10-3341]       SIRT1      NS                  144           IHC
  Zhang et al[@b29-cmar-10-3341]     SIRT1      HR\>1   0.003       295           IHC
  Grbesa et al[@b30-cmar-10-3341]    SIRT1      NS                  105           IHC
  Li et al[@b31-cmar-10-3341]        SIRT1      HR\>1   0.009       75            IHC
  Gharabaghi[@b32-cmar-10-3341]      SIRT1      HR\>1   0.001       40            IHC
  Lin and Peng[@b33-cmar-10-3341]    SIRT1      NS                  260           IHC
  Wang and Wang[@b34-cmar-10-3341]   SIRT1      HR\>1   \<0.01      60            IHC
  Grbesa et al[@b30-cmar-10-3341]    SIRT2      NS                  105           IHC
  Li et al[@b36-cmar-10-3341]        SIRT2      HR\<1   \<0.01      28            PCR
  Yang et al[@b37-cmar-10-3341]      SIRT3      HR\>1   0.001       131           IHC
  Xiong et al[@b38-cmar-10-3341]     SIRT3      HR\>1   0.028       70            IHC
  Lu et al[@b39-cmar-10-3341]        SIRT5      HR\>1   0.03        39            PCR
  Azuma et al[@b40-cmar-10-3341]     SIRT6      HR\>1   0.022       98            IHC
  Bai et al[@b41-cmar-10-3341]       SIRT6      HR\>1   0.034       174           IHC
  Chen et al[@b42-cmar-10-3341]      SIRT6      HR\>1   \<0.01      122           IHC

**Abbreviations**: NSCLC, non--small cell lung cancer; NS, not significant; SIRT1, sirtuin 1; SIRT2, sirtuin 2; SIRT3, sirtuin 3; SIRT5, sirtuin 5; SIRT6, sirtuin 6; HR, hazard ratio; IHC, immunohistochemistry; PCR, polymerase chain reaction.
